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The Higgs discovery has given us the Higgs–gauge sector as a new handle to search for physics beyond
the standard model. This includes physics scenarios originally linked to massive gauge boson scattering
at high energies. We investigate how one can separately probe the Higgs couplings to the longitudinal
and transverse parts of the massive gauge bosons away from this high-energy limit. Deviations from the
standard model could originate from higher-dimensional operators, compositeness, or even more
fundamentally from a violation of gauge invariance. The signature we propose is the tagging jet
kinematics in weak boson scattering for scattering energies close to the Higgs resonance. During the
upcoming LHC run at 13 TeV we will be able to test these couplings at the 20% level.
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I. INTRODUCTION

With the discovery of a scalar Higgs boson [1,2] the
standard model of particle physics is finally complete.
However, many experimental and theoretical questions are
left unanswered [3]: not least among them is the question
about the smallness of the Higgs mass, or more precisely
the electroweak scale, when compared to the Planck scale.
Are the interactions of the most fundamental particles really
described by perturbative field theories all the way to the
Planck scale [4]? Also the symmetry structure of the SM
itself is surprising; why do we observe an SUð3Þ ×
SUð2Þ × Uð1Þ gauge symmetry?
One way to make progress on these questions is

theoretical model building. At the same time, however, it
is crucial that we check the underlying assumptions of the
standard model by experimentally testing the predictions
following from its basic structure. In that one should leave
no stone unturned, including tests of the nature of gauge
invariance itself.
The discovery of the Higgs opens exciting new pos-

sibilities to test the standard model, in particular with the
above questions in mind. The scalar nature of the Higgs is
responsible for the hierarchy problem, and indeed the
Higgs is the only scalar which could be a fundamental
noncomposite particle. At the same time the Higgs mecha-
nism is responsible for generating the masses of the W and
Z bosons and is therefore intimately linked to the SUð2Þ ×
Uð1Þ gauge structure. The Higgs–gauge sector therefore
provides an ideal laboratory to probe both the hierarchy
problem and the gauge structure of the standard model.
Specifically, measurements of Higgs couplings to vector
bosons as probed in VV scattering processes (V ¼ W;Z)
are ideal for this endeavor.
Historically, the question used to be how VV scattering is

unitarized or how its amplitude behaves at high energies.
The corresponding experimental signature is VV scattering
at high energies, described by the Goldstone equivalence

theorem. By now we know that the observed Higgs boson
will at least significantly dampen the ultraviolet behavior of
VV scattering [5]. The questions

(i) How does the VV scattering amplitude behave at
high energies?

(ii) Does the observed Higgs boson render VV scatter-
ing weakly interacting?

(iii) Does the HVV interaction correspond to the stan-
dard model prediction?

are equivalent in their theoretical implications, even though
they seem to require very different experimental strategies.
In this paper we propose to follow the third question,
because there exists plenty of experimental data from Higgs
analyses which allows us to test the structure of the HVV
vertex to gain insight into the underlying fundamental
physics.
The Higgs–gauge sector is often approached using an

effective field theory approach in terms of higher-
dimensional operators. While it follows naturally from
the observation that gauge field theories describe the
fundamental interactions of particles [6], the greatest
advantage of this approach is its greatest shortcoming:
it usually assumes (part of) the symmetry structure of the
standard model and hence makes it harder to study the
fundamental symmetries underlying the standard model.
In this paper we are a bit more heretical: we propose to

separately test the Higgs couplings to transverse and
longitudinal parts of the massive gauge bosons. This is
inspired by the approximate notion that the transverse parts
correspond to the “proper” gauge bosons, whereas the
longitudinal parts arise from the eaten Goldstone bosons.
A clean separation is only possible at infinitely large
momenta or in the nearly massless limit [7], at which
we cannot operate when interpreting LHC Higgs data.
However, this technical problem does not render the
physics question of coupling massive gauge bosons with
different polarizations to the Higgs boson any less relevant.
Indeed, through the explicit definition of polarization in a
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simple model we have to break Lorentz invariance.
Nevertheless, we view it as a first step toward individually
testing the physics of the Higgs and its Goldstone bosons
and that of the original non-Higgsed gauge bosons.
On the theory side, composite Higgs bosons are studied

in great numbers and detail. However, much less attention
has been paid to the known possibility that the gauge
bosons can be composite particles of an emergent gauge
symmetry [8]. As an example, vector meson dominance in
QCD can be viewed as an (approximate) emergent gauge
symmetry [9]. Moreover, supersymmetric theories often
have completely different gauge symmetries in the infrared
and in the ultraviolet, as made explicit by the Seiberg
duality [10]. The gauge symmetry can be larger in the
infrared than in the ultraviolet regime and therefore does
not simply correspond to a Higgsed case. Indeed, the new
degrees of freedom can be viewed as solitons of the original
theory and are nontrivial in this sense. In this paper we take
the first steps to develop tools to experimentally distinguish
between a composite Higgs sector and composite gauge
bosons. The question to how well our question and our
findings can be described in terms of higher-dimensional
operators will be discussed at the end of the paper.
Our laboratory to probe the structure of the HVV

interaction is VV scattering as depicted in Fig. 1. At large
energies this process has been discussed extensively [11].
For example in the Refs. [12] the authors develop analysis
strategies to select highly energetic longitudinal gauge
bosons in all leptonic VV topologies, including jet tagging,
a central jet veto, and back-to-back lepton geometries. In
Ref. [13] semileptonic WþW− decays are first analyzed
based on boosted W tagging. The full set of semileptonic
VV channels is discussed in Ref. [14]. As pointed out in
Ref. [15] these high-energy VV signatures suffer not only
from low rates, but also from large scale uncertainties. The
measurement of the relative longitudinal and transverse
polarizations based on decay angles can be used to avoid
large QCD uncertainties on LHC rates.

In contrast to all this earlier work our main focus lies on
weak–boson–fusion production of massive gauge bosons
close to the Higgs resonance, which enhances the event
rates. Instead of using the high-energy behavior of the
vector bosons, we look at the tagging jets and in particular
their high-energy behavior. Beyond the interpretation in
specific models our analysis therefore develops a set of new
observables that are sensitive to the structure of the Higgs–
gauge sector.
The paper is structured as follows: in Sec. II we start

with our definition of transverse and longitudinal gauge
bosons. Then, in Sec. III we develop our analysis strategy
and contrast it with the established studies of the high-
energy regime and the Higgs decay correlations. The results
of our tagging jet analysis follow in Sec. IV. Section V is
devoted to a discussion of the frame dependence of
polarizations. Finally, in Sec. VI we relate our findings
to the usual effective field theory approach based on
higher-dimensional Higgs–gauge operators.

II. A SIMPLE MODEL

Even in the absence of an immediate field theoretical
description, the polarization of massive spin-1 gauge
bosons coupling to the Higgs bosons is a property of
theW and Z bosons worth testing at the LHC. As alluded to
in the Introduction, the coupling of the Higgs boson to
transverse and longitudinal gauge bosons has a very
different origin. This aspect is obvious when we go into
the high-energy limit, where the longitudinal degrees of
freedom correspond to the Goldstone modes of a Higgs
sigma field and where the transverse polarization modes are
suppressed by powers of MV=E. At finite energies and for
example in unitary gauge we have to define and separate
the transverse and longitudinal degrees of freedom by hand.
In spite of this complication, measuring the polarization

of the gauge bosons coupling to the Higgs will allow us to
test the underlying structure of electroweak symmetry
breaking. The HVV couplings (V ¼ W;Z) mediating both,
Higgs production in weak boson fusion and Higgs decays
to leptons, require us to define the polarization of the gauge
bosons for off-shell and on-shell states. We define the
transverse and longitudinal parts of the W- or Z-boson
fields as

Vμ
T ¼ Pμ

νVν and Vμ
L ¼ ð1 − PÞμνVν; ð1Þ

in terms of the W;Z boson in unitary gauge and the
projection operator Pμν

P0ν ¼ 0 ¼ Pμ0 and Pij ¼ δij −
~pi ~pj

~p2
ði; j ¼ 1; 2; 3Þ:

ð2Þ
This allows us to split the Higgs–gauge vertex into its
polarization components. Measuring polarizations requires

FIG. 1. VV scattering process we consider in this paper,
V ¼ W. Our analysis shows that indeed the Higgs resonance
region is where we can best test the Higgs–gauge structure in and
beyond the standard model.
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a specific reference frame. We choose to evaluate Eq. (1) in
the Higgs rest frame. This definition, which we will justify
below, gets rid of mixed couplings HVLVT in the Higgs–
gauge coupling structure HVLVL þHVTVT . The remain-
ing two contributions to the HVV coupling can be written
in terms of the standard-model coupling strength gSM and
two scaling parameters

L ⊃ −gSMHðaLVLμV
μ
L þ aTVTμV

μ
TÞ: ð3Þ

The sign of the real scaling parameters aL and aT is free,
and we do not enforce a sum rule to protect the total Higgs
production and decay rates.
As already mentioned, this simple model in terms of

transverse and longitudinal polarizations requires a choice
of reference frame and therefore breaks Lorentz invariance.
Our simple model is also clearly not gauge-invariant.
However, independent longitudinal and transverse Higgs–
gauge couplings can be induced by perfectly valid models
respecting the symmetries of the standard model. We will
demonstrate this in Sec. VI, where we link our simple
model to higher-dimensional operators. In this effective
field theory approach, the couplings aL and aT become
momentum-dependent. The correspondence to our simple
model is most obvious if we define polarizations in the
Higgs rest frame, justifying the choice made above.
Alternative definitions will be discussed in Sec. V.
Regardless of these complications, the simple model

exhibits a straightforward correspondence to the appropri-
ate definition of longitudinal and transverse gauge bosons
in the high-energy limit, which is precisely what we want to
probe. We will therefore use it as a test scenario for our
LHC analysis.

III. TAGGING JET KINEMATICS

Higgs production in weak boson fusion probes the HVV
coupling structure in the initial state. Similarly, the VV
decays test the same coupling in the final state. Due to the
dependence on the initial state couplings the energy scales
probed by the initial vertex are not automatically limited
to the Higgs mass, as is the case for Higgs decays. Without
any requirements on the intermediate Higgs state, the
relevant process isW pair production in weak boson fusion
at the perturbative order Oðα4Þ,

pp → WþW−jj → ðlþν̄Þðl−νÞjj: ð4Þ

The on–shell Higgs diagram contributing to this process is
shown in Fig. 1. Because the observed Higgs boson has
essentially standard-model–strength couplings to the weak
gauge bosons, we know that a large fraction of the rate for
the full process in Eq. (4) comes through the s-channel
Higgs resonance. In that case one of the twoW bosons will
be far off its mass shell and the Higgs resonance can be
extracted with a transverse mass variable. This channel is

maximally sensitive to theHWW coupling structure, which
governs both the Higgs production and decay.
We generate event samples for the process given in

Eq. (4) assuming an LHC energy of 13 TeV with
MADGRAPH5 [16] using an in-house implementation of
the model described in Sec. II. Because it is clear that
the weak–boson–fusion features can be experimentally
extracted [17], we limit ourselves to the parton level and
omit systematic uncertainties in this first study. For the
Higgs signal we assume a Higgs mass of 125 GeV and a
Higgs width of 4.4 MeV, calculated with HDECAY [18].
The polarizations of the W and Z bosons are defined
according to Eq. (1).
Before we start with our tagging jet analysis we need to

briefly motivate two choices which we make in analyzing
the signal process given in Eq. (4), namely that we
(1) focus on the Higgs pole rather than on the high-

energy regime, and
(2) analyze the tagging jets in addition to decay

correlations.
The analysis of the process given in Eq. (4) in the search for
nonstandard strong interactions in the gauge sector has a
long tradition [12,13]. The main observable in such
analyses is the invariant mass of the WW system or any
approximation to it. In the high-energy limit this process
should follow the equivalence theorem [7] and be domi-
nated by the Goldstone modes of the massive W bosons.
This is exactly the behavior we see in the left panel of
Fig. 2, where we simulate events for weak–boson–fusionW
pair production. In the setup where the Higgs couples only
to transverse gauge bosons we observe a significant rate
enhancement for mWW ≳ 1 TeV. This is due to the missing
cancellation with the scattering of longitudinal gauge
bosons mediated by a Higgs exchange. In contrast, a
Higgs coupling only to longitudinal gauge bosons is
indistinguishable from the standard model case, showing
that little cancellation is at work. In the same distribution
we can also see the main problem with such an analysis: the
fraction of events populating the phase space regions
sensitive to modified Higgs–gauge couplings is depress-
ingly small.
Moreover, after the Higgs discovery the motivation for

this kind of challenging analysis is less straightforward.
First, we can assume that the ultraviolet behavior of WW
scattering is at least to a large part cured by the observed
Higgs boson. This postpones any nontrivial behavior to
much higher energies and therefore lower cross sections.
Second, we can measure the Higgs properties, like the
structure of the HVV vertex and its coupling strength, and
based on those results reliably predict the behavior of the
WW scattering at high energies. Given that most of the rate
for qqWW production comes from the Higgs pole region it
is natural to replace the analysis of strongly interactingWW
scattering by a dedicated study of qqWW production
around the Higgs pole. An explicit study of the actual
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WW scattering process is of course still welcome and
interesting, but would require a different interpretation.
The second choice is less obvious. Clearly, the Higgs

decay leptons and the missing transverse momentum
provide a handle to the final WW system. As a matter
of fact, the LHC analyses leading to the Higgs discovery [2]
already use a correlation between the two leptons reflecting
the scalar nature of the intermediate resonance [19]. The
most straightforward observables related to polarizations
are decay angles [15]. In the presence of two neutrinos
alternative observables include the lepton transverse
momenta, the dilepton mass mll, the azimuthal angle
between the leptons Δϕll, and the missing transverse
momentum pmiss

T . For illustration purposes we show
the Δϕll distribution for the process qq → qqH →
qqðWþW−Þ in the right panel of Fig. 2. Unlike for the
mWW distribution the distinguishing features now reside in
a phase space region with a significant number of events.
The main question in this case becomes how much of this
difference survives acceptance cuts, background rejection
cuts, and detector effects [15].
Instead of the Higgs decay products we will focus on the

tagging jets. Their kinematic distributions are sensitive to
the initial HVV vertex structure [20,21] and the polariza-
tion of the fusing gauge bosons. While originally developed
for weak boson fusion, the same features can be used for
example in Higgs production [22,23] or in top pair
production in gluon fusion [24]. In the following we will
see that this tagging jet information includes the same
kind of information on the gauge boson polarization as the
Higgs decay correlation. However because it is independent
of the Higgs decay channel, it can be measured in many
different signatures, allowing for an efficient test of the
results from individual Higgs decay channels.

We can analytically formulate the relation between
polarization of the weak bosons and the transverse
momenta of the tagging jets in the effective W approxi-
mation (EWA) [25]. It treats the initial gauge bosons as on-
shell propagators and factorizes the weak–boson–fusion
process into the radiation of a collinear W off a quark and
the hard scattering process of the twoW bosons. Similar to
a pT-dependent leading-order QCD parton density we can
define a probability of finding a W boson radiated off the
incoming quark with a longitudinal momentum fraction x
and the transverse momentum pT . For the respective
polarizations they read

PTðx; pTÞ ¼
g2

16π2
1þ ð1 − xÞ2

x
p3
T

ðð1 − xÞm2
W þ p2

TÞ2

PLðx; pTÞ ¼
g2

16π2
1 − x
x

2ð1 − xÞm2
WpT

ðð1 − xÞm2
W þ p2

TÞ2
: ð5Þ

The two distributions have a different pT dependency:
tagging jets recoiling against a longitudinal W should be
softer than those recoiling against a transverse W.
The theoretical predictions shown in Eq. (5) are a

promising basis to test the longitudinal vs transverse
structure of the HVV coupling in weak boson fusion.
However, we first need to see if the assumptions underlying
the effective W approximation actually hold. To consider
the W to be essentially a parton inside the proton there
needs to be a hierarchy Eproton ≫ mhard ≫ mW. In our case
the hard process is the 2 → 2 scatteringWþW− → WþW−,
where the two relevant Mandelstam variables scale like
jtj < s ¼ m2

hard. For the full 2 → 4 process the additional
two energy scales defined by the tagging jet momenta then
have to be pL;j ≫ mhard ≫ pT;j ∼mW [26–28].
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FIG. 2 (color online). Left:mWW distribution for the signal process defined in Eq. (4) for a Higgs coupling exclusively to transverse or
longitudinal gauge bosons as well as the standard model case. Right: Δϕll distributions of the Higgs decay leptons for the same three
setups. We require pT;j > 20 GeV to remove photon exchange contributions.
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The physical Higgs mass of mH ¼ 125 GeV is too close
to the W mass and the conditions for the validity of the
EWA are not fulfilled. We nevertheless find that while
the EWA is not valid quantitatively, the qualitative behavior
is similar.
To investigate the validity of the EWA we compare the

EWA to the full result for two different assumed Higgs
masses above the W pair production threshold. In the left
panel of Fig. 3 we show the pT distributions for the two
tagging jets for an assumed Higgs mass of 1 TeV. Only the
signal subprocess ud → duH on the Higgs mass pole is
included. Indeed, the distributions for both, transverse and
longitudinal W and Z polarizations agree well with the
EWA predictions in Eq. (5). Note that for the transverse part
even a Higgs mass of 1 TeV shows worse agreement for
higher momenta, suggesting a different falloff behavior.
For lighter Higgs bosons the agreement becomes gradually
worse, as can be seen for mH ¼ 180 GeV in the right panel
of Fig. 3. Below the threshold value mH ¼ 2mW the EWA
assuming incoming on-shell W bosons loses its validity.
Nevertheless, the effective W approximation motivates a
study of the transverse momenta of the tagging jets to
extract information on the polarization of the initial W and
Z bosons.
For our actual analysis we use the full amplitude given

by Eq. (4). As a first background this includes off-shell W
pair production at the same purely electroweak order in
perturbation theory. One irreducible background is given
by the same initial and final state and with an intermediate
Higgs boson, but coupling the Higgs to two gluons at order
OðαggHα2sαÞ. An additional non-Higgs background is W
pair production in association with two jets at order
Oðα2sα2Þ [28]. The kinematics of the two tagging jets
[26] and the structure of additional central QCD radiation
[29] can be used to suppress these backgrounds. In
particular through the additional jet activity there exist

many ways to reduce the tt̄þ jets background [28] and we
therefore omit it in this first study and limit ourselves to the
more dangerous WþW− processes on and off the Higgs
mass shell. We start by requiring that the W decay leptons
(l ¼ e; μ) satisfy the staggered cuts

jηlj < 2.5 pT;l > 20; 10 GeV pmiss
T > 20 GeV:

ð6Þ

The two forward partons forming the tagging jets have to
fulfill the standard weak–boson–fusion cuts [27,28]

jηjj < 5.0 pT;j > 25 GeV Δηjj > 4.2

mjj > 500 GeV ηj1 · ηj2 < 0: ð7Þ

Following the definition of longitudinal and transverse W
and Z bosons in Eq. (3) we simulate 529 parameter points
in the ðaL; aTÞ space. Of these 441 are evenly distributed in
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FIG. 3 (color online). Normalized pT;j1 distributions for the complete signal process defined in Eq. (4) and in the effective W
approximation, assuming a heavy Higgs with mH ¼ 1 TeV (left) and mH ¼ 180 GeV (right).
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the range aL=T ∈ ½−2; 2�, while 88 increase the sensitivity
close to the standard-model value aL ¼ aT ¼ 1. For each
parameter point we generate approximately 105 events.
In between these points we interpolate cross sections and
p-values by Delauny triangulation.
To select events from the Higgs resonance, we use a

transverse mass variable mT , which we define using the
approximation mνν ≈mll [28,30]. In Fig. 4 we show the
different contributions to the transverse mass distribution.
The selection cut

50 GeV < mT;WW < 130 GeV ð8Þ

retains 74% of the Higgs resonance events, leading to a
signal–to–background ratio around unity. The standard
model cross sections before and after this cut for the
different processes are given in Table I. For the remainder
of this work, we require the transverse on-shell condition of
Eq. (8) in addition to the lepton cuts of Eq. (6) and tagging
jet cuts of Eq. (7).

IV. RESULTS FOR THE SIMPLE MODEL

Following the discussion in the last section we will focus
on Higgs production in weak boson fusion, with a sub-
sequent decay to a leptonic WþW− pair. Based on Eq. (3)
we define Higgs couplings to transverse and longitudinalW
and Z bosons, both contributing to the Higgs signature. In
the following we will answer the question which observ-
ables will allow us to constrain the two coupling parameters
aL and aT , both normalized to the standard model value
aL;T ¼ 1, at the upcoming LHC run.

A. Total rate

The first observable we analyze is the total cross section
on the Higgs resonance, measured as the signal strength in
the two–jet category both by ATLAS and by CMS [31]. In
Fig. 5 we give this cross section after cuts, Eqs. (6)–(8), as a
function of aL and aT . The curve with a constant cross
section is approximately an ellipse in the ðaL; aTÞ plane.
Close to the standard model the rate is nearly insensitive to
the transverse coupling. This reflects the fact that the Higgs
boson in the standard model couples predominantly to
longitudinal massive gauge bosons. This parameter space
region of constant cross section is where additional

kinematic features are necessary to get more precise
information on the individual couplings aL;T .

B. Transverse jet momenta

As argued in Sec. III we next focus on the kinematic
features of the two tagging jets. Motivated by the effective
W approximation we expect the transverse momentum of
both jets to be sensitive to the Higgs–gauge coupling
structure. In the left panel of Fig. 6 we show distributions of
the transverse momentum of the leading jet for the standard
model and four additional parameter points, all giving the
same cross section. In the right panel we show the average
transverse momentum of the leading jet as a function of the
location in parameter space. An analysis of the subleading
jet shows a similar, but slightly less pronounced behavior.
As shown in Fig. 6, a deviation from the standard model

typically leads to a shift to larger transverse momenta of the
tagging jets. While the standard model does not mark the
ðaL; aTÞ point with the minimal average pT;j, this minimum
is not far away. It is shifted slightly toward larger transverse
coupling. The effect of modified couplings on the pT;j
distributions is clearly visible, but not huge. Moreover, it is
not clear how well these signatures survive hadronization,
jet clustering and detector effects.
The individual transverse momenta of the leading jet,

pT;j1, and that of the subleading jet, pT;j2, are not the only
potentially relevant observables. We also consider a para-
metrization in terms of the average transverse momentum
and the asymmetry in the transverse momenta between the
two jets,

p̄T ¼ pT;j1 þ pT;j2

2
ApT ¼ ðpT;j1 − pT;j2Þ

ðpT;j1 þ pT;j2Þ
: ð9Þ

In particular, we expect the asymmetry to be robust under
systematic uncertainties that affect the pT measurements of
both jets alike.

TABLE I. Corresponding cross sections for the different sub-
processes before and after the mT cut.

All mT cut

WBF H → WþW− 3.15 2.34
Continuum Oðα4Þ 4.54 0.31
GF H → WþW− 1.62 1.13
Continuum Oðα2sα2Þ 11.01 1.17
S=ðSþ BÞ 0.15 0.47
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FIG. 5 (color online). Cross sections on the Higgs resonance for
various couplings of the Higgs boson to longitudinal and trans-
verse vector bosons. The standard model is marked with a star.
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We find that p̄T behaves very similar to the transverse
momentum of the leading jet: deviations from the standard
model tend to shift its distribution to larger values. In the
left panel of Fig. 7 we give distributions of ApT for the same
example points as before. A modification of the Higgs–
gauge couplings slightly favors lower values of ApT . So by
moving away from the standard model in parameter space,
both jets gain transverse momentum, and the subleading jet
increases by a larger factor than the leading jet.
We also investigate the vectorial sum and difference of

the two transverse jet momenta. Unlike the quantities
discussed above, these observables depend on the angular
correlation between the two jets. The distribution of the
vectorial sum is shown in the right panel of Fig. 7. For
aL > aT , this quantity is shifted to larger values, while a
more transverse Higgs–gauge coupling structure favors
lower scales. The vectorial difference changes less strongly
with the parameters and shows the opposite behavior:

a shift to more longitudinal couplings reduces the observ-
able slightly, while a more transverse coupling structure
increases this difference a little.

C. Azimuthal angle

In addition to the transverse momenta we can also study
angular correlations between the two tagging jets. In the left
panel of Fig. 8 we show the distribution ofΔϕjj [21] for the
same parameter points as before. It turns out that Higgs–
gauge couplings different from the standard model leave a
clear signature. Unlike for the transverse momenta, the
standard model does not lead to a particular distribution:
with aL > aT , the jets tend to be more collinear in the
transverse plane. Conversely, a small relative increase of
the transverse coupling favors back-to-back geometries.
In order to quantify this effect in a way that minimizes

systematic uncertainties, we define the asymmetry [20]
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POLARIZED WW SCATTERING ON THE HIGGS POLE PHYSICAL REVIEW D 90, 054023 (2014)

054023-7



Aϕ ¼ σðΔϕjj <
π
2
Þ − σðΔϕjj >

π
2
Þ

σðΔϕjj < π
2
Þ þ σðΔϕjj > π

2
Þ : ð10Þ

We give the distribution of Aϕ over the ðaL; aTÞ parameter
space in the right panel of Fig. 8. It shows the same
behavior as expected from an analysis of the full Δϕjj
distributions. Deviations from the SM Higgs–gauge cou-
pling are easily visible in Aϕ.
The discrimination power of the pT distributions and of

the angular correlation between the tagging jets is of similar
constraining power, but in an orthogonal direction to the
information encoded in the cross section. A combination of
rate measurements with kinematic observables will there-
fore efficiently restrict the parameter space consistent
with data.
We can also test whether the tagging jet properties are

correlated with the polarization of the final gauge bosons
[15]. We find that for the pure Higgs signal they are entirely
uncorrelated, reflecting the scalar nature of the Higgs boson
where the decay mode knows nothing about its production.
Including the backgrounds, a correlation emerges, caused
by the fact that final-state longitudinal WW pairs are more
likely to stem from a signal events, while transverse bosons
have a larger probability to come from a background
interaction.

D. Other observables

So far, we have restricted our analysis to observables
describing the jet kinematics in the transverse plane, and
found them to be sensitive to the Higgs–gauge coupling
structure. We have also analyzed the distribution of
quantities that are (mostly) sensitive to the longitudinal
jet momentum. These include the jet energies, the invariant
mass between the two jets, as well as their separation in
pseudorapidity. We find that all of these observables are
much less sensitive to the structure of the Higgs–gauge

sector than the purely transverse quantities discussed
above. This does not come as a surprise: the longitudinal
momentum of the final-state quarks in the WBF topology is
dictated by the incoming quarks, which at the LHC set a
much larger scale than that describing the hard WW → H
process. Since including these variables does not improve
the significance of our findings, we limit our analysis to the
transverse jet momenta and the angular correlation between
the jets in the transverse plane.

E. Combination

In a next step, we estimate the sensitivity in the ðaL; aTÞ
plane when measuring these kinematical features. This will
give us the parameter space which can be probed during the
upcoming LHC run. We generate a number of toy data
samples based on the standard model, representing an
integrated luminosity of 300 fb−1. Each of these toy data
samples is compared to the samples based on our simple
model. We determine the significance of deviations in the
Higgs cross section and the asymmetry Aϕ by calculating
the probability density functions of these quantities for
each parameter point of our simple model. For the other
kinematic observables discussed above, we measure the
significance of deviations by performing χ2 tests on the
normalized distributions. From these tests we extract
the median p-value. If it is below 0.05, the parameter
point ðaL; aTÞ in question is expected to be excluded at
95% CL in the absence of a signal. The results from certain
sets of observables are statistically independent and can be
combined correspondingly.
In Table II we give the limits on the parameters aL and aT

obtained using different combinations of observables. In
general, observables including the angular correlation
between the jets give stronger constraints than those based
only on transverse momenta. However, an analysis based
only on the Δϕjj distribution or only on the asymmetry Aϕ
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leads to a binary ambiguity: there is a blind spot in the
parameter space around the parameters aL ≈ 0.6, aT ≈ 1.8.
This region shows the same rate and angular correlation
between the jets as the standard model. Including the
transverse jet momentum in the analysis removes this
ambiguity. All in all, a combination of the cross section
with the transverse momenta of the leading and subleading
jet as well as the asymmetry Aϕ yields the strongest
constraints on the parameters of our simple model.
In Fig. 9 we show the expected exclusion regions for

these observables. With an integrated luminosity of
300 fb−1 they can be used to exclude most of the
ðaL; aTÞ plane. At least on parton level and disregarding
systematic uncertainties, the coupling factor aL should be
measurable at Oð10%Þ, while the transverse coupling
should be measurable at Oð20%Þ. The mirrored solution
with aL ≈ −1, aT ≈ −1 cannot be excluded in this analysis.

However, the H → γγ decay, mediated by a top loop and a
W loop, is easily sensitive to this sign change.
While we neglect theoretical and systematic uncertain-

ties, we also show the results of the same analysis after
including a hypothetical uncertainty of�10% on the Higgs
production and decay rate. At this level of analysis it is
simply not clear how large the different uncertainties
are. This will largely depend on the central jet veto or
alternative analysis [29] and the associated theoretical
uncertainties.

V. CHOICE OF REFERENCE FRAME

In the setup described above we define the polarization of
the virtual gauge bosons in the Higgs rest frame. This leads
us to results fully consistent with the expectations from the
effectiveW approximation. However, while the definition of
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FIG. 9 (color online). Expected exclusion regions at 95% CL after 300 fb−1 of data in the absence of a signal. Note that these are
results calculated at parton level and not including any systematic uncertainties. In the right panel we show the same result including an
additional 10% uncertainty on the Higgs production and decay rate.

TABLE II. Limits on aL;T ∈ ½0; 2� in the absence of a signal based on different observables. The limits are given at
95% CL assuming 300 fb−1. For the limit on aL, aT is allowed to float freely, and vice versa.

Observables Limit on aL Limit on aT

σ (≤1.07) (≤1.97)
σ, pT;j1 (0.76–1.08) (0.25–1.79)
σ, pT;j1, pT;j2 (0.82–1.08) (0.56–1.68)
σ, p̄T (0.79–1.07) (0.41–1.73)
σ, ApT (0.65–1.08) (≤1.86)
σ, p̄T , ApT (0.78–1.09) (0.39–1.73)
σ, Δϕjj (0.49–0.54) and (0.95–1.06) (0.83–1.17) and (1.89–1.94)
σ, Aϕ (0.52–0.64) and (0.94–1.06) (0.82–1.15) and (1.77–2.00)
σ, jð~pT;j1 þ ~pT;j1Þj (0.93–1.06) (0.66–1.28)
σ, jð~pT;j1 − ~pT;j1Þj (≤0.61) and (0.85–1.08) (≤1.96)

σ, pT;j1, pT;j2, Δϕjj (0.92–1.08) (0.82–1.19)
σ, pT;j1, pT;j2, Aϕ (0.92–1.08) (0.80–1.18)
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polarizations requires a reference frame, in the absence of a
V rest frame there remains a choice of frames. In this section
we will briefly review the effect of a different choice.
To link the different reference frames we have to

understand how polarizations change during boosts. The
tagging jet distributions probe theHVV vertex in the weak–
boson–fusion production of an on-shell Higgs boson. Here,
we will for simplicity consider the Higgs decay to an on-
shell and an off-shell V boson instead. The polarization of
the V bosons in the Higgs rest frame changes when we
apply a boost into another frame with a finite Higgs
momentum ~pH in that new frame. The probability of a
transverse boson becoming longitudinal or vice versa
depends on the size of the boost as well as the angle
between the boost direction and the V momenta, where in
our brief discussion we average over the relative angle. In
the left panel of Fig. 10 we give the distribution of the
Higgs momentum for our reference process in the labo-
ratory frame. It ranges around 100–300 GeV. In the rest
frame of the two colliding partons the typical Higgs
momentum is slightly reduced.
Given this momentum range we calculate the probability

for a transverse V in the Higgs rest frame to become
longitudinal after the boost, and vice versa. We give the
results in the right panel of Fig. 10. For Higgs momenta
around 200 GeV, corresponding to a γ ∼ 2, the probability
for a change in polarization reaches Oð50%Þ; the polar-
izations are essentially randomized. Any clear effect in the
Higgs rest frame is washed out in any frame with such a
relative boost.
In the following we will show that the VV rest frame

or equivalently the Higgs rest frame is well suited to
analyze polarization effects in VV scattering. Moreover,
we will see that a definition in this frame also nicely
compares with an approach based on higher-dimensional

operators. Defining the polarizations in the laboratory
frame or the rest frame of the two colliding partons
therefore leads to qualitatively similar, but much less
pronounced findings.

VI. EFFECTIVE FIELD THEORY

Complementing our simple model we can parametrize
structural deviations from the standard model in terms of
higher-dimensional operators. This has the advantage of
being manifestly Lorentz invariant, so it can serve as a
check of our assumption that the definition of the transverse
vs longitudinal reference frame at finite energies has little
impact on our physics results.
Without adding new operator structures to the standard

model Lagrangian LSM we can allow for changes in the
Higgs coupling strength to two vector bosons. For more
drastic changes, in particular affecting longitudinal and
transverse gauge bosons differently and hence leading to
different tagging jet properties, we invoke new operator
structures. The question is how the obvious physical
description of gauge boson polarizations used in the
previous sections can be phrased in terms of such higher
dimensional operators,

LD6 ¼ LSM þ
X
i

ci
Λ2

Oi: ð11Þ

As an example we will study two electroweak operators
including the usual Higgs doublet ϕ,

Oϕ;2 ¼
1

2
∂μðϕ†ϕÞ∂μðϕ†ϕÞ and

OW ¼ ðDμϕÞ†ŴμνðDνϕÞ; ð12Þ
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FIG. 10 (color online). Left: distribution of the Higgs momentum in the SM after our selection cuts. Right: probabilities for a change in
polarization when going from the Higgs rest frame to the laboratory frame as a function of the Higgs momentum.
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following the conventions discussed in Refs. [6,32,33].
For instance, these operators arise in strongly interacting
Higgs sectors [34,35], including little Higgs [36] and
holographic Higgs [37] models.
First, the operator Oϕ;2 generates a new contribution to

the Higgs kinetic term ∂μH∂μH. A field redefinition H →

H=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ cϕ2v2=Λ2

q
restores (most of) the canonical nor-

malization of the kinetic term [30,34], but also introduces a
form factor for every Higgs vertex. Following the definition
in Eq. (3), the HWW interaction is modified by the
universal factor

aL ¼ aT ¼ 1 −
cϕ2
2

v2

Λ2
; ð13Þ

that does not depend on the momenta. It is therefore in one-
to-one correspondence with the aL ¼ aT case in our simple
model. Because Oϕ;2 only shifts Higgs interactions univer-
sally it is hardly constrained by electroweak precision
measurements and the measurement of triple gauge vertices.
For the operator OW the situation is more interesting. It

modifies the interaction between the weak gauge bosons
and the Higgs boson, but there is no term of order ϕ3 or
higher contributing to the Higgs–Goldstone couplings. At
large energies it therefore shifts the transverse Higgs–gauge
coupling, but not its longitudinal counterpart. While the
Higgs resonance hardly constitutes a high-energy limit, we
expect the effect of OW on the longitudinal coupling aL to
be suppressed as compared to aT .
In unitary gauge the operator OW yields two types of

corrections to the HWW vertex,

where p�
μ and pH

μ are the incoming momenta of the W�
and the H, respectively. The first two terms of Eq. (14)
correspond to the standard model vertex and an unchanged
Lorentz structure with a higher-dimensional coupling
strength modification. For an on-shell Higgs these two
terms give us

að1ÞL ¼ að1ÞT ¼ 1þ cW
2Λ2

m2
H: ð15Þ

The last term in Eq. (14) features contractions of the type
ðpHε�Þ, where ε� are the polarization vectors of the W�
bosons. In the Higgs rest frame, this terms vanishes for
transverse gauge bosons, but its contribution to the longi-
tudinal coupling does not. Unlike in our simple model, this
factor is a function of the W momenta,

að2ÞT ¼ 0 að2ÞL ¼ cW
Λ2

Fðpþ; p−Þ: ð16Þ

The operator OW does not only affect Higgs physics, but
clearly also contributes to the ZWW and WWW inter-
actions. Still, there are no strong constraints from electro-
weak precision measurements of the oblique parameters
S, T andU. This is because the loop contributions from this
operator can be balanced by other operators, making this
operator a so-called “blind direction” [38]. The strongest
limits on cW hence stem from measurements of triple gauge
boson vertices at the LHC [39].

We can compare the effects of both approaches on our
leading kinematic distributions. Let us first separately
consider the modification of the HWW vertex by the first
term and second term of Eq. (14). In both cases we choose
cϕ;2=Λ2 ¼ �10=TeV2, which is slightly outside current
exclusion limits [39], in order to make the effect of this
operator more visible. In these two setups we compute
cross sections as well as pT and Δϕjj distributions. The
results are shown in Fig. 11 as the red and blue solid lines.
Considering only the first term of Eq. (14), i.e. shifting

the standard model coupling strength, we find that the cross
section noticeably increases with positive cW and decreases
with negative cW in line with our expectation from Eq. (15).
We can now compare to our simple model. The dashed
lines in the left panels of Fig. 11 correspond to the results of
our simple model with parameters chosen according to
Eq. (15). The agreement is very good, as one would expect,
because the shift in aL;T is momentum-independent for an
on-shell Higgs. The only differences can arise from the
(small) off-shell Higgs contributions that survive the cuts
we have made.
The second term of Eq. (14) introduces new Lorentz

structures. It not only modifies the rate, but also changes the
kinematic features. In particular, the couplings aL;T that
were constant in our simple model now depend on the
momenta. Positive values of cW now lead to a significantly
reduced cross section, reflecting the relative sign between
the two dimension-6 contributions. They also slightly
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soften the tagging jets and induce a preference for back-
to-back configurations of the two tagging jets. Conversely,
negative cW increase the rate, lead to harder tagging jets,
and favor aligned tagging jets.
To compare with our simple model we fit a constant aL

(aT ¼ 1 as argued above). For instance, for cW=Λ2 ¼
10=TeV2 we find that a constant longitudinal coupling

að2ÞL ¼ 0.89 corresponding to Fðpþ; p−Þ ¼ −ð105 GeVÞ2
yields good agreement in the cross section and the angular
correlation betweenOW and our simple model. This can be
seen in the bottom middle panel of Fig. 11. However, the
transverse momentum of the leading tagging jet, shown in
the top right panel of Fig. 11, indicates substantial devia-
tions. For positive cW the tagging jets in the dimension-6
approach are softer while for negative cW they are harder
than in our simple model. This reflects the fact that a

constant value of Fðpþ; p−Þ entering að2ÞL does not account
for the momentum dependence of OW .
Ignoring the momentum dependence, the preferred

effective value of Fðpþ; p−Þ is worth a brief discussion.
It describes a contribution to the longitudinal coupling
that is antiproportional to the effect of the first term in
Eq. (14). After combining, the two modifications of

the longitudinal coupling nearly cancel for cW=Λ2 ¼
10=TeV2, while the transverse coupling is unaffected
by the second modification:

að1ÞL þ að2ÞL ¼ 1þ cW
Λ2

�
1

2
m2

H − ð105 GeVÞ2
�

¼ 0.97;

að1ÞT þ að2ÞT ¼ 1þ cW
2Λ2

m2
H ¼ 1.08: ð17Þ

This means that OW primarily affects the transverse
Higgs–gauge interactions, as expected from the equiv-
alence theorem.
A final comparison between the full operatorOW and the

corresponding simple model as shown in the right panels
of Fig. 11 supports these observations. The large effects
on the cross sections from the individual two terms, which
correspond to a large modification of the longitudinal
coupling, partly cancel. We are left with a modest decrease
of the rate for positive cW and an increase for negative cW .
The kinematical distributions follow exactly the same
pattern as for the second term only. The simple model,
where the equivalent coupling aL is now close to one,
predicts rates and Δϕjj distributions in good agreement
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with the dimension-6 results. The discrepancy in the jet pT
distribution reflecting the missing momentum dependence
remains as well.
All in all we find that while not all details can be directly

linked to higher-dimensional operators, our simple model
gives a good description of the qualitative features in terms
of the intuitive gauge boson polarizations.

VII. CONCLUSIONS

Based on the Goldstone equivalence theorem, one can
argue that deviations from the standard model Higgs
couplings to transverse and longitudinal gauge bosons
could have a very distinctive physics origin. The longi-
tudinal gauge bosons are inherently connected to features
of the Higgs sector, whereas those of the transverse ones
test the nature of the original gauge bosons.
While such tests of the Higgs–gauge sector are

theoretically and experimentally well established for the
high-energy regime, we propose to extend this approach to
the Higgs resonance. Experimentally, this strategy has the
benefit of significantly higher rates, so we can try to search
for deviations from the standard model in the bulk of the
VV → VV cross section rather than in its tails.
On the theory side, the separation of gauge boson polar-

izations away from the high-energy limit requires some care.
In particular it suffers from the fact that to perform this

separation one has to explicitly break Lorentz invariance to
define polarizations. Independent of this issue, the observ-
ables we investigate can be viewed as a first step toward
testing such physics and can more generally be useful in
probing the structure of the Higgs–gauge sector. We have
demonstrated this in a comparison with a fully Lorentz-
invariant model based on effective field theory. In particular,
we have shown that independent couplings of longitudinal
and transverse gauge bosons to the Higgs can be generated in
a model described by dimension-six electroweak operators.
We complement the information from the total rate at the

Higgs resonance with the kinematics of the tagging jets.
Both their transverse momenta and their angular correlation
provide valuable information on the structure of the HVV
coupling, parametrized in terms of the longitudinal and
transverse gauge boson polarizations. The constraints from
the kinematical distributions are orthogonal to the con-
straints from the cross section. When it comes to numbers,
systematic effects become relevant. In this first study we
have limited ourselves to a parton-level analysis of the
dominant signal and background processes, omitting theo-
retical and systematic uncertainties. Combining the cross
section and tagging jet observables, longitudinal and trans-
verse gauge boson couplings to the Higgs can be indi-
vidually probed at the Oð20%Þ level using 300 fb−1 of
integrated luminosity at 13 TeV.
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